Purpose: To investigate the feasibility of estimating calibration constants (K and T 2o ) in vivo for converting whole-blood T 2 to blood hemoglobin oxygen saturation (HbO 2 ) according to the Luz-Meiboom model, 1=T 2 ¼ 1=T 2o þ Kð1 À HbO 2 Þ 2 , where K and T 2o are relaxivity and transverse relaxation time of fully saturated blood, respectively. Methods: A range of HbO 2 values was achieved in the superficial femoral vein with intermittent cuff occlusion in seven healthy adults (four males) to establish a calibration curve between blood T 2 and HbO 2 at 1.5T. HbO 2 was derived via MR susceptometry, a technique previously validated, and the transverse relaxation time was quantified with an optimized T 2 -prepared balanced steady-state free precession pulse sequence. To evaluate the accuracy of the in vivo calibration method, T 2 and HbO 2 were quantified in the superior sagittal sinus in six additional subjects and compared with susceptometry. Results: Two sets of gender-specific calibration constants were derived, one for each gender corresponding to hematocrits of 0.47 6 0.02 for males and 0.38 6 0.01 for females, yielding K/T 2o ¼ 41 Hz/260 ms and 26 Hz/280 ms, respectively. The in vivo calibration returned physiologically plausible superior sagittal sinus SvO 2 values (65 6 5% HbO 2 ), and there was no significant difference between the results from the two methods (average difference À0.3% HbO 2 ).
INTRODUCTION
The determination of oxygen saturation is of great importance in assessing a variety of clinical conditions, including congenital cardiac abnormalities causing mixing of arterial and venous blood, hypoxemias, and ischemic disease of various organs, including the brain, kidneys, and liver. In 1991, Wright et al.
(1) conceived a T 2 -based approach based on the Luz-Meiboom model of transverse relaxation in the presence of chemical exchange between two sites (2) . Blood is a heterogeneous system, but the approach does not take diffusion into account, where local field inhomogeneity near erythrocytes is expected to contribute to T 2 shortening. It has been shown that at 1.5T, the diffusion effect is minor compared to intra-to-extracellular chemical exchange (3) , as evidenced by the excellent agreement between the data and Luz-Meiboom model (1) . T 2 oximetry has demonstrated its clinical potential in a number of studies (1, (4) (5) (6) (7) (8) . More recent applications include estimation of oxygenation in the cardiac ventricles of fetal lambs (9) and oxygen consumption rate in human fetuses (10) .
T 2 oximetry involves mapping the decay of the proton signal when spins are subjected to a train of refocusing pulses in a Carr-Purcell-Meiboom-Gill sequence (11) or MLEV-4 type pattern (12) and relating T 2 to HbO 2 via simplified form of the Meiboom-Luz model, 1=T 2 ¼ 1=T 2o þ Kð1 À HbO 2 Þ 2 . The derived T 2 is a function of T 2o , the transverse relaxation time of fully oxygenated blood (that is itself a function of hematocrit [13] ) and a contribution governed by deoxyhemoglobin fraction (1-HbO 2 ) in erythrocytes. K is the relaxivity, which is a function of inter-refocusing interval t 180 , magnetic field strength, and various parameters that reflect underlying mechanisms, e.g. average exchange time t ex between two sites (intra-vs. extracellular) and a parameter a accounting for red blood cell (RBC) shape (14) . A limitation of the method is the extensive calibration that is needed with blood studied ex vivo. The complex procedure (13, 15) includes preparing blood samples of varying oxygenation levels by exposing the blood to diffusing gases, O 2 or N 2 , while maintaining correct temperature and pH level under continuous agitation to prevent settling or foaming of RBCs. Once the desired blood oxygenation is achieved, verified by blood gas analysis, air exposure must be avoided during the transfer to MR sample tubes. Any remaining air spaces should be removed for optimal results. During the MR scan session, the tubes must be maintained at 37 C (e.g., by blowing warm air and regulating via a thermocouple temperature feedback loop [13] ) and periodically rotated to prevent settling of RBCs. It is recommended that the HbO 2 and hematocrit (Hct) be re-verified via blood gas analysis.
MR susceptometry (16) (17) (18) ) is a calibration-free method for estimating HbO 2 where vessels are modeled as long paramagnetic cylinders. In this field-mapping method, the intravascular field shift DB relative to the surrounding tissue is proportional to the magnetic susceptibility of whole-blood, which in turn is a function of (1-HbO 2 ) (19) . The main sources of error are static field inhomogeneity and vessel tortuosity, therefore the method is limited to peripheral vessels in general, e.g., superficial femoral vein (SFV), an exception being the superior sagittal sinus (SSS), a major intracranial draining vein (20) . However, there is compelling evidence for the accuracy of susceptometry to quantify intravascular oxygenation level if the necessary precautions to the method's limitations are taken (15, 20, 21) . Therefore, we propose to calibrate T 2 -based oximetry against susceptometry as a reference standard.
Previously, T 2 -prepared balanced steady-state free precession (T 2 -bSSFP) had been used for myocardial edema T 2 quantification (22) , an appealing approach for T 2 -based MR oximetry given its high speed and signal-to-noise efficiency. However, the k-space center (that largely determines the signal intensity) is traversed after linear ramp-up catalyzation and acquisition of the reference lines, at which point the bSSFP signal is attenuated by modulation transfer function and no longer represents the magnetization immediately following the T 2 -preparation. Furthermore, because the modulation transfer function varies with echo time (TE), so does the fraction of signal attenuation. Consequently, the calibration curve for converting T 2 to HbO 2 based on the T 2 -prepared bSSFP pulse-sequence is expected to deviate from that derived in (1), where center-out spiral readout followed after a single radiofrequency (RF) excitation.
The purpose of this work was to derive the calibration curve for T 2 -bSSFP (i.e., to estimate K and T 2o ) based on the Luz-Meiboom model of chemical exchange. However, rather than oxygenating ex vivo blood to various HbO 2 levels, we investigate the feasibility of modulating superficial femoral vein HbO 2 via intermittent cuff occlusions to carry out the calibration in vivo. We evaluated the relative agreement between HbO 2 levels measured independently in vivo via susceptometry and those predicted by the new T 2 -based method.
METHODS

T 2 Quantification
The semi-empirical Luz-Meiboom model relating to HbO 2 demands that t 180 be held constant for all T 2 -preparation durations (in contrast to T 2 -bSSFP of Giri et al. [22] in which t 180 was stepped to vary TE).
In the present work, the T 2 -preparation comprises integer multiples of MLEV-4 cycles as means to vary TE while keeping t 180 constant. The sequence was initiated with a magnetization reset to zero (saturation) and allowed to recover for T Sat before T 2 -preparation, which consisted of a 90
RECT excitation pulse and MLEV-4 type refocusing pulses with t 180 ¼ 12 ms, ending with a composite 270 x 360 Àx tip-up pulse (Fig. 1) . The saturation ensures that the longitudinal magnetization is the same before each T 2 -preparation and allows the option to trade in signal-to-noise for shorter T Sat , enabling T 2 quantification within a breath hold. bSSFP imaging parameters include: field of view, 144 mm; 8 mm thickness, TE/pulse repetition time (TR) ¼ 1.8/3.6 ms, flip angle 60 , in-plane resolution 1.0 mm, bandwidth/pix 694 Hz, half-Fourier with linear ramp-up signal stabilization (10 TRs), and 14 reference lines for reconstruction phase correction, T Sat ¼ 2.5 s; acquisition time $15 s.
HbO 2 Quantification
In MR susceptometry (17,18) HbO 2 is quantified by modeling a vessel as a long cylinder and making use of the magnetic property of venous blood that scales with the fraction of deoxyhemoglobin, (1À HbO 2 ), which in turn determines the relative volume magnetic susceptibility, Dx¼Dx do Hct (1ÀHbO 2 ) of deoxygenated blood. Here, Dx do ¼4p (0.27 ppm) (13, 15) is the magnetic susceptibility between fully deoxygenated and fully oxygenated blood in International System of Units and Hct is the hematocrit (i.e., the volume fraction of red blood cells). The relative susceptibility Dx is obtained from the measured field shift, DB ¼ Analysis T 2 was quantified by fitting the average pixel intensities S of regions of interest from each of the five images to the three-parameter equation (23), i.e., S ¼ Ae ÀBt þ C, because the T 2 -prepared bSSFP signal approaches a steady-state instead of zero even at t ! 1, and corrected TEs (0, 43.9, 87.7, 131.6, and 175 ms) were used in the fitting to reduce errors associated with T 1 decay while the magnetization is longitudinal during the composite pulses (24) .
For HbO 2 quantification, the effect of the static field inhomogeneity was first reduced by fitting the low spatialfrequency field variation to a second-order polynomial after masking out the vessels and weighting the phase difference image by the corresponding magnitude image (25) .
Experiments
Preliminary Evaluation of T 2 -bSSFP
The performance of the T 2 -bSSFP was first evaluated against the multi-spin echo pulse sequence in four homogeneous MnCl 2 solutions of different concentration (nominal T 2 values ranging from 105 to 200 ms).
Because T 2 -bSSFP is designed to be used for quantifying whole-blood HbO 2 in vivo, the bias in T 2 estimation in the presence of constant flow speed representative of venous flow (5-28 cm/s) was assessed with one of the prepared MnCl 2 solutions (T 2 ¼ 135 ms).
In Vivo Calibration via Intermittent Cuff Occlusions
Written informed consent was obtained before all examinations following an institutional review board-approved protocol. SFVs of four healthy males (38.8 6 8 years old, Hct 0.47 6 0.02) and three healthy females (28 6 3year old, Hct 0.38 6 0.01) were imaged at 1.5T (Siemens Avanto, Siemens AG, Erlangen, Germany) with a Siemens circularly polarized extremity Tx/Rx coil during the cuff paradigm (Fig. 2a) . Femoral arterial occlusion was achieved by application of super-systolic pressure (215 mmHg) in a cuff secured around the thigh, inflated by a pneumatic tourniquet system (D.E. Hokanson, Bellevue, WA) capable of inflating and deflating in <1 s. Figure 2b shows the range of venous oxygenation levels (%SvO 2 ) that can be observed in the SFV by inducing muscle ischemia achieved in transient occlusion of the feeding artery with a pressure cuff (26) . The timing of the MRI protocol of RFspoiled multi-echo GRE and T 2 -bSSFP pulse sequences was programmed using SequenceTree (27) to match the cuff paradigm of Figure 2a , whereas the intermittent cuff inflation/deflation was carried out manually with a digital stopwatch. Further, the MRI protocol was programmed to delay launching of the pulse sequence by 2 s following cuff inflation to ensure suspension of blood flow during the data acquisition. As indicated in Figure 2a , 13 pairs of susceptometry-based HbO 2 values and T 2 were measured in each subject.
The imaging plane was prescribed perpendicular to the superficial femoral vessels based on 3D rendering of multi-slice 2D time-of-flight acquisition to minimize the partial volume effect. Hct was determined via a blood sample obtained from the fingertip (Hb 201þ, Hemocue, Angelholm, Sweden).
Evaluation of Agreement with Susceptometry
To determine whether the in vivo calibration equation returns physiologically plausible SvO 2 values and to test agreement with susceptometry, six additional subjects were recruited (three males). Males and females had Hct values ranging from 0.45 to 0.47 and 0.38 to 0.40, respectively. Measurements with the two methods were conducted in the SSS, a location previously evaluated by susceptometry at 1.5T (28) . The field and T 2 maps were acquired successively with RF-spoiled multi-echo GRE and T 2 -bSSFP pulse sequences, respectively, using a 12-channel head coil. Imaging parameters include (1) 
RESULTS
Phantom Evaluation of T 2 -bSSFP
Sample T 2 -bSSFP images of MnCl 2 solutions and the corresponding three-parameter fits are shown in Figures 3a and b. The extracted T 2 values are < 5% compared to values quantified with a multi-spin echo. In the presence of constant flow rate, the bias in T 2 quantification was 4% (Fig. 3c) relative to the static solution.
In Vivo Calibration via Intermittent Cuff Occlusions
Examples of phase difference and T 2 -prepared bSSFP images are shown in Figures 4a and b , respectively. The vein exhibits strong phase contrast relative to the surrounding muscle tissue (Fig. 4a) , unlike the adjacent artery, whose phase is indistinguishable relative to the tissue. The magnified view of the vessels in Figure 4c highlights large differences in T 2 decay rates between arterial and venous blood, paralleling the differences in signal decay plots in Figure 4d . The distribution of Hct of males and females was bimodal (0.47 6 0.02 and 0.38 6 0.01), consequently two separate calibration curves involving two sets of K and T 2o constants are derived (Fig. 5) .
Evaluation of Agreement with Susceptometry
The results are tabulated and included in Supporting Table S1 . There was no difference between two oximetry methods (average difference in SvO 2 ¼ À0.3% HbO 2 , paired t-test, p ¼ 0.8), and all values of SSS SvO 2 were within physiological range (65 6 5% HbO 2 ).
DISCUSSION
The work shows the feasibility of performing in vivo calibration for conversion of whole-blood T 2 to HbO 2 . The proposed calibration technique obviates many of the necessary precautions and the difficulties to be overcome for in vitro calibration. Settling of red blood cells occurring on the order of minutes are among the latter (13,15). In Vivo Whole-Blood T 2 versus HbO 2 Calibration 2293
The intermittent cuff occlusions and short acquisition time (20-s) ensure that blood is refreshed, therefore precluding settling during the short periods (20-s) of transient occlusion. Also, temperature and O 2 saturations do not change during the experiment. Calibration could therefore easily be replicated and carried out at other field strengths and arbitrary experimental conditions for T 2o mapping. A limitation of the in vivo calibration method presented here is the reduced range of HbO 2 values available for measurement. After 3 mins of arterial occlusion venous oxygenation was found to rarely fall below 40% HbO 2 . In contrast, the full range of HbO 2 values can be achieved ex vivo. Furthermore, it is not possible to exogenously vary Hct in vivo considering that the derived constants are hematocrit-dependent. The refinement of the calibration requires increase in the sample size to cover the range of naturally occurring Hct vales. The range is actually quite small (35-40% for females, 45-50% for males) (29) . The accuracy of the proposed method critically hinges on the accuracy of MR susceptometry. Some of the authors (ML and FW) had previously validated MR susceptometry at 3T on freshly drawn blood samples across the entire range of saturation values from 6 to 98% HbO 2 against blood gas analysis (15) showing excellent agreement. Additional studies on the accuracy of susceptometry have included investigations on flow bias (18) and errors associated with vessel tilt and non-circularity as well as in vivo reproducibility, via quantification of HbO 2 at multiple locations along the same vein (30) . Prior investigations also addressed potential errors caused by substantial deviations from cylindrical geometry (e.g., bifurcations, tapering, noncircular cross-section, and curvature) (21) .
Systematic errors of susceptometric oximetry have been discussed in detail (25, 30) . The most significant possible source of error, unless retrospectively corrected, is static field inhomogeneity. Additional 3D shimming improves the suppression of the inter-muscular fat signal that can confound the field correction because the inter-echo phase difference caused by the intra-to extravascular susceptibility difference cannot be distinguished from a chemical shift difference between water and fat. The femoral vein's tilt angle exceeding 25 , with respect to B o , leads to increased contribution of the non-local field in the surrounding reference tissue and partial volume effects. Prescribing the imaging slice perpendicular to the vein can alleviate the latter.
The difference in K is larger than expected between male and female cohorts given that the two groups differ in Hct by <10 percentage points (39% vs. 47%). The water dynamics across the RBC and the geometry of RBC shape parameter a, respectively, typically lumped into K along with Hct in the Luz-Meiboom model. The mean value of t ex has been reported to be $12 ms and it is also a function of Hct (31) . Consequently, it can be shown that the Luz-Meiboom model predicts an $11% increase in K for Hct ¼ 0.47 relative to Hct ¼ 0.39. Similarly, Spees et al. (13) reported an $10% increase in K in blood samples on increase in Hct by 0.1.
The recent results of Nemeth et al. (32) may provide a rationale for future investigation on possible gender differences in a that could impact K. The authors of (32) reported hemo-rheological gender differences in two mammalian animal species in terms of RBC deformability and aggregation. This is potentially relevant to a parameter because RBC aggregation depends on the cell's shape, cell surface's glycocalyx, and deformability, with the latter being determined by RBC's surface to volume ratio, viscosity, and morphology. Future work could involve comparison of blood T 2 between female and male blood at the same Hct to probe the dependence on a.
On the other hand, the results for T 2o are in good agreement compared to (1) . This is as expected if we approximate oxygenated blood as a magnetically homogenous medium. The shorter T 2o in the male sub-group is consistent with the well-known linear dependence of the water proton relaxivity of protein solutions and suspensions and has previously been reported by Thulborn et al. (33) who studied T À1 2 as a function of hematocrit in fully oxygenated blood. The results of additional six subjects (Supporting Table S1 ) further support the validity of the derived calibration constants in terms of providing physiologically plausible SSS SvO 2 values as well as agreement with susceptometry.
The impact of flow on in vivo T 2 quantification with T 2 -bSSFP was assessed by comparing the T 2 values in the SSS (i.e., quantified in the presence of flow on the order of 15-20 cm/s) (34) and femoral vein where T 2 was measured during flow suspension. The male subject's T 2 in the femoral vein was 128 ms at 71% SvO 2 , whereas T 2 at the SSS was 132 ms. For the female, T 2 differed by 10 ms between femoral vein and SSS at SvO 2 $60% HbO 2 . Therefore, in the presence of flow, the difference in estimated SvO 2 based on Figure 5 was 2% HbO 2 in both subjects.
In conclusion, the results suggest that calibration of T 2 -based oximetry can be carried out in vivo, thereby obviating the need for blood draws and blood gas analysis, along with the experimental complexities of handling blood samples.
